Ion solvation processes can be conceptually divided into (i) hydration and solvation of ions in pure solvents, mainly water, and (ii) resolvation or the change of thermodynamic functions when an ion goes from one to another solvent. The latter processes are important in analytical sciences for the construction of ion selective electrodes, liquid-liquid extractions, electrochemistry at ITIES (interface between two immiscible electrolyte solutions), etc. The corresponding energetic of the process is primarily given by standard Gibbs energies of solvation (hydration) ∆G o solv (∆G o hydr) or of transfer (resolvation) ∆tG o (S1 → S2). Since the latter quantities are usually of about one order of magnitude or more lower than the respective hydration/solvation energies, they become particularly suited for the exact tests of underlying theories. Whereas computational simulation analyses up to date deal almost exclusively with hydration or solvation energies, a number of differing conceptual models have emerged for ∆tG o in the last years. These may be divided into two categories according whether the Born equation, expressing the electrostatic energy according to the oldest treatments of the problematic, is used or not used (renounced) in the model. Thus, based on a large database analysis of the transfer energies of ions between two solvents, Marcus concluded that the Born term is unimportant for ∆tG o (S1 → S2)'s. 1 In their new theory of resolvation, Osakai and Ebina denied the validity of the Born equation for small inorganic ions 2 in agreement with the refusal of the Born equation for these ions as measured by Krishtalik et al. 3 Although it uses terms similar to those that appear in the Born equation, the model of Fawcett 4 is based on totally different premises, namely on the importance of basicity (DN) and acidity (AN) for the solvation of cations and anions, respectively, in accordance with Gritzner.
Introduction
Ion solvation processes can be conceptually divided into (i) hydration and solvation of ions in pure solvents, mainly water, and (ii) resolvation or the change of thermodynamic functions when an ion goes from one to another solvent. The latter processes are important in analytical sciences for the construction of ion selective electrodes, liquid-liquid extractions, electrochemistry at ITIES (interface between two immiscible electrolyte solutions), etc. The corresponding energetic of the process is primarily given by standard Gibbs energies of solvation (hydration) ∆G o solv (∆G o hydr) or of transfer (resolvation) ∆tG o (S1 → S2). Since the latter quantities are usually of about one order of magnitude or more lower than the respective hydration/solvation energies, they become particularly suited for the exact tests of underlying theories. Whereas computational simulation analyses up to date deal almost exclusively with hydration or solvation energies, a number of differing conceptual models have emerged for ∆tG o in the last years. These may be divided into two categories according whether the Born equation, expressing the electrostatic energy according to the oldest treatments of the problematic, is used or not used (renounced) in the model. Thus, based on a large database analysis of the transfer energies of ions between two solvents, Marcus concluded that the Born term is unimportant for ∆tG o (S1 → S2)'s. 1 In their new theory of resolvation, Osakai and Ebina denied the validity of the Born equation for small inorganic ions 2 in agreement with the refusal of the Born equation for these ions as measured by Krishtalik et al. 3 Although it uses terms similar to those that appear in the Born equation, the model of Fawcett 4 is based on totally different premises, namely on the importance of basicity (DN) and acidity (AN) for the solvation of cations and anions, respectively, in accordance with Gritzner. 5 Recently Abraham and Zhao 6 in their model used only acidity and basicity of ions as parameters for the resolvation. On the other hand, Lahiri 7 argued in favor of the original, not modified, Born equation upon using, according to him correctly, different radii in the aqueous and gas phases.
For the various possible models, the following, even if it often reproduces the experimental data, is particularly difficult to explain. In rather numerous cases, a simple relationship of the type
was observed, as discussed in our previous paper 8 and quoted there. This rule, if it were a general property of the systems, would give extremely simplified picture of solvation in different solvents. Instead of a plethora of interactions, commonly attributed to the process of solvation, a two-parameter relation would suffice to connect the energy of solvation of ion i in one solvent and in a second solvent. The matter becomes still more involved because in several papers it was shown that already the interaction of the ion with only first solvent molecule is responsible for the total ∆G o solv(i). These paradoxical findings were tentatively explained in our last paper by considering the total ∆G o solv(i) as a sum of additive contributions of 1:1, 1:2, 1:3 etc. ion:solvent clusters, each of which obeys the proportionality with total ∆G o solv(i). By plotting the formation energies of the gaseous clusters ∆G f vs. ∆G o hydr(i)'s it was proved that the relationship is real for alkali metal cations and water and acetonitrile as solvents. 8 In the present paper we broaden the repertory of the solvents for which the gaseous formation energies of alkali metal and halide ions are available. 
Gaseous Cluster Data and Their Intercorrelations
For the purpose of completeness, the data of Hiraoka (see references) are also included in the following two tables. 20 and only the second set is given in Table 2 (however, both sets are in graphical form in Fig. 3b ). Moreover, two sets for the most important solvent, water, do exist for halide anions and the values of Hiraoka 20 correspond better to the overall behavior of ions.
The uncertainties of the reported values of ∆G f according to Keesee and Castleman are ±(0.2 to 0.5) kcal/mol but the original papers are to be consulted. 10 Now, the connections among the data for consecutive clusters were searched. These are reported below. They do really exist and are not subject to any model or speculation.
At first, as seen from the Tables 1 and 2 Fig. 2c is anomalous, but if the value is calculated from higher clusters by using the coefficients determined in this paper, the value exactly fits on the straight line connecting the data for alkali metal cations. e. Average value from four references. bars at each series. Small arrows in the bottom of the figure together show the overall correlation of all series. The averaged values being 0.727 ± 0.033 and 0.498 ± 0.025, respectively, the relation for the first three consecutive clusters reads in the range of experimental error as:
These ratios ought to be reflected in the recent simulations, but surprisingly, the calculated values sometimes greatly differ from experiment. e.g., calculated values of the ∆G f n of the first three clusters with water were reported as being in ratios 1:0.9:0.6 for sodium or 1:0.5:0.3 for bromide anion in Ref. 26 . Still greater disagreement applies for the data from Ref. 27 , in
which example ratios were calculated as 1:0.9:0.8 for potassium or even 1:0.8:1.1 for cesium cation. These discrepancies between calculated and experimental values apparently reflect the inadequacies of the above particular simulations.
Further, for higher clusters, this applies:
The correlation is generally very good. The correlation coefficients higher than r 2 = 0.99 were found for the systems: Li + , Na + , K + (clusters n = 4 -6) and water; Cl -, Br -(clusters n = 4 -6) and water; F -(n = 4 -6), Cl 
Cluster Data and Total Gibbs Energies of Hydration of Ions
The ∆G f n for individual clusters and alkali metal and halide ions for the solvents given in Tables 1 and 2 Figs. 2 and 3 are generally well expressed as straight-line correlations. This is so particularly for alkali metal cations and water, acetonitrile and ammonia. For anions, water and acetonitrile, the newer data of Hiraoka fit better to the straight-line overall trend displayed in other cases. The ratio 4:3:2 of formation energy of the first three clusters is experimentally well expressed and means quantization of these values. The quantization is unexpected and any ad hoc primitive image might be premature. Nevertheless, building of the first solvation sphere around the ion in a non-additive manner might be connected with only small energy gain upon the ion catching a donor electron from the solvent molecule as compared with the capture of a free electron and ultimate deionization. The ionization energies of alkali metals are much higher (375 -520 kJ/mol) 31 than the formation energies of the first cluster for any cation and solvent. Thus, the primitive image for cations might be that the full available energy ∆G f 1 assigned to the first cluster is consumed by formation of it. Nevertheless, new energy is replenished from the "reservoir" of total ionization energy, and 75% of it is used for second cluster, since the first spherical quadrant around the ion is already occupied. The number 4 as a number of nearest neighbors now appears in rather numerous new theoretical studies of the 536 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 Table 1 and text for numerical values. Although this similarity is striking, its importance for the ion solvation processes cannot be now estimated.
Tentative Models
The second regularity, which is given by Eq. (2), is closer to a macroscopic picture. If a and b parameters in Eq. (2) are equal to 1 and 0, respectively, then it says that the probability, expressed in formation energies, of any n cluster is inversely proportional to the number of solvent molecules (n -1) already present in the cluster. Thus, this is a statistical expression of decreasing energy of consecutive clusters as n increases. The same trend is calculated with liquid drop or dielectric sphere theories, in which the ∆G (Fig. 4) . For this particular set, the correlation is better for 1/(n -1) plot. Also, data for alkali metal cations and water correlate slightly better with 1/(n -1), whereas for halide anions the 1/n 1/3 correlation was better (for the longest series of F -clusters with n = 4 -9, the latter correlation gave r 2 = 0.9999). For cations in ammonia, both correlations are evenly poor.
For explaining a and b values of Eq. (2), it is supposed that the fourth position at the ion, corresponding to the closure of the first solvation layer, is crucial. In contrast to the formation of the first three clusters, the geometrical considerations must be taken into account here. For an ideal fit of the fourth molecule of the solvent into the first layer, ∆G f 4 = 0.25∆G f 1 and fifth molecule would only enter the layer with great difficulty. On the other hand, if the fit into the fourth position is by far not ideal, the competition of it and of all consecutive molecules would be ideally given by statistics, i.e. ∆G f 4 = 0.33∆G f 1. The real situations lay between these two extremes, as is supported by plotting the constants a against b in Fig. 5 An important aspect of the behavior is the decay of any ion dependent interaction term of total ∆G o hydr(i) at one common point, which appeared for transfers into various solvents mostly at some -200 kJ/mol 8 and here at some -150 to -250 kJ/mol. Coe, in his several papers 29, 34 noticed the existence of such a common point, but only for combinations of positive and negative ions. The fact that the information about overall ∆G o solv(i) is contained already in each cluster of low n, does not mean that total ∆G o solv(i) could be derived from them. In fact, as seen from Figs. 2 and 3, there is generally an unknown number of the higher clusters, which have their ∆G f n independent of ∆G o solv, but all of them ought to be summed up to obtain the total hydration energy.
Summary and Conclusions
An up to now not explained experimental rule, which is empirically valid for a number of systems, namely ∆tG o (i) = a ∆G o hydr(i) + b, was rationally explained in the paper. By "dissecting" overall ∆G o hydr (i) values into components corresponding to the formation of the individual clusters for all available data in the literature, it has been shown that each of this cluster again obeys the linearity ∆G f (i) = a∆G o hydr(i) + b. Two other empirical rules are reported, which pertain to the composition of the clusters: (i) the clusters with n = 1 -3 are quantized with the formation energies in the ratios 4:3:2 and (ii) clusters with n = 4 -11 are statistically formed and correlated with the 1/(n -1) ratio.
Whereas the quantization might be reflected only in the 537 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 . See Table 2 for data. Fig. 5 Mutual correlation of constants a and b of Eq. (2). In order to see the variation with increasing size of the ion, the biggest point denotes the largest ion in the series.
forthcoming theory, the statistical character of the formation of higher clusters appears even now to be supported by physical reasonability of the descriptive model used here.
